Four local-scale sites in areas with similar corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] agriculture were studied to determine the eff ects of diff erent hydrogeologic settings of the Northern Atlantic Coastal Plain (NACP) on the transport of nutrients and pesticides in groundwater. Settings ranged from predominantly well-drained soils overlying thick, sandy surfi cial aquifers to predominantly poorly drained soils with complex aquifer stratigraphy and high organic matter content. Apparent age of groundwater, dissolved gases, N isotopes, major ions, selected pesticides and degradates, and geochemical environments in groundwater were studied. Agricultural chemicals were the source of most dissolved ions in groundwater. Specifi c conductance was strongly correlated with reconstructed nitrate (the sum of N in nitrate and N gas) (R 2 = 0.81, p < 0.0001), and is indicative of the relative degree of agricultural eff ects on groundwater. Trends in nitrate were primarily related to changes in manure and fertilizer use at the well-drained sites where aquifer conditions were consistently oxic. Nitrate was present in young groundwater but completely removed over time through denitrifi cation at the poorly drained sites where there were variations in chemical input and in geochemical environment. Median concentrations of atrazine (6-chloro-N-ethyl-N'-(1-methylethyl)-1,3,5-triazine-2,4-diamine), metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide), and some of their common degradates were higher at well-drained sites than at poorly drained sites, with concentrations of degradates generally higher than those of the parent compounds at all sites. An increase in the percentage of deethylatrazine to total atrazine over time at one well-drained site may be related to changes in manure application.
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Trends and Transformation of Nutrients and Pesticides in a Coastal Plain Aquifer System, United States
Judith M. Denver,* Anthony J. Tesoriero, and Jeff rey R. Barbaro USGS I ntense agriculture and urban development in coastal areas worldwide have placed a high demand on groundwater resources in these areas and put these resources at greater risk of contamination. Th e NACP is the largest coastal plain aquifer system in the United States (Fig. 1) . Th is complex, largely unconsolidated, multi-aquifer system is composed of a sequence of confi ned aquifers overlain in most areas by permeable sediments that form an unconfi ned surfi cial aquifer. Sediments that comprise the surfi cial aquifer are fl uvial to marine in origin and range in age from Miocene to Recent (Trapp and Horn, 1997) . Th is surfi cial aquifer is a critical source of potable water for self-supplied domestic use throughout the area and an important source of public water supply in parts of New Jersey and the central part of the Delmarva Peninsula (Trapp and Horn, 1997) . It is also the primary source of base fl ow to streams (Lindsey et al., 2003) .
Groundwater contamination attributed to human sources is widespread in the surfi cial aquifer because of the permeable nature of the sediments and relatively high water table (typically within 5 m of the land surface). Nitrate is of particular concern because concentrations frequently exceed 10 mg L -1 as N, the U.S. Environmental Protection Agency (USEPA) maximum contaminant level (MCL), in aerobic parts of the aquifer (Ator et al., 2000) . Elevated concentrations of nitrate in shallow groundwater were fi rst observed in the 1960s and 1970s (Back, 1966; Miller, 1972; Cushing et al., 1973) . Most of this nitrate was attributed to agricultural fertilizer, the use of which had increased dramatically since the 1950s, when artifi cial N fi xation became an economical industrial process (Böhlke, 2002) . Manure from poultry and hog production also is a source of nitrate in the NACP. Recent studies have identifi ed widespread low concentrations of soluble pesticides in the surfi cial aquifer (Spruill et al., 1998; Denver et al., 2004) . Pesticide concentrations, however, seldom exceed existing regulatory standards (Ator et al., 2000) .
Groundwater fl ow patterns in the surfi cial aquifer are complex and generally related to local watershed boundaries. Most groundwater that recharges the surfi cial aquifer discharges to a nearby surface-water body. Th e maximum residence time of groundwater in local fl ow systems of the NACP is generally on the order of several decades (Dunkle et al., 1993; Kauff man et al., 2001) . Groundwa-ter chemistry is potentially aff ected by human activities from recharge areas to discharge areas because of the relatively short residence times and the timeframe of use of modern agricultural chemicals (Böhlke and Denver, 1995; Denver et al., 2004) . Th is is evident in the similarity between shallow groundwater chemistry and stream base-fl ow chemistry in many areas (Böhlke and Denver, 1995; Ator et al., 2005; Modica et al., 1998; Tesoriero et al., 2005) . Concentrations of nitrate are generally lower in surface water than surrounding shallow groundwater, however.
Most NACP surfi cial sediments are nonmarine and the major chemical processes controlling natural water chemistry are the dissolution of silicate minerals and the redistribution of iron by redox reactions (Knobel et al., 1998) . Th is results in water that is acidic and relatively dilute (specifi c conductance < 100 μS cm -1 , chloride concentrations < 6 mgL -1 , and nitrate concentrations < 0.4 mg L -1 ) . Dissolved oxygen is typically present throughout the surfi cial aquifer where sediments are sandy, permeable, and have little naturally occurring organic matter. Reducing conditions can develop in areas with higher concentrations of organic matter and other electron acceptors such as iron minerals and dissolved iron is commonly a major constituent in groundwater (Denver et al., 2004) .
Because natural groundwaters of the NACP are dilute, chemicals in fertilizer, manure, and lime from agricultural sources and septic-system effl uent have been found to impart distinct hydrochemical signatures (Denver, 1986; Shedlock et al., 1993) . In addition to nitrate, elevated concentrations of calcium and magnesium (from application of dolomitic lime) and potassium and chloride (from application of potash) are common in water aff ected by agriculture (Denver, 1989) . Th e distribution of these chemicals in groundwater varies and is related to inputs from land use in aquifer recharge areas and diff erences in redox conditions in the aquifer. Th e distribution of pesticides in groundwater also is related to soil characteristics and hydrogeology, in particular to redox conditions and the potential for pesticide sorption and degradation in organic and fi ne-grained sediments (Ator, 2008; Debrewer et al,. 2007; Barbash and Resek, 1996) . Study of the distribution of these chemicals in local fl ow systems helps to more directly tie hydrochemical signatures and other indicators to the processes aff ecting groundwater and surface-water chemistry.
Th is paper describes how diff erences in the hydrogeologic and geochemical settings of the surfi cial aquifer aff ect the transport and transformation of chemicals commonly applied to corn and soybean crops in four local-scale study sites of the NACP (Fig. 1) . Although similar studies of processes aff ecting local-scale transport of agricultural chemicals in shallow groundwater have been documented in diff erent areas (e.g., Böhlke et al., 2002; Green et al., 2008; Puckett and Cowdrey, 2002; Tesoriero et al., 2007) , no other known study has examined how changes in site characteristics within a single physiographic province aff ect redox status and the fate and transport of contaminants through the groundwater system over time. Relations between constituent concentrations, redox state, and apparent groundwater age were used to evaluate the origin and trends of nitrate and pesticides in groundwater. Chemicals studied include nutrients (primarily nitrate) and other major ions associated with manure and inorganic fertilizer, and the most frequently detected pesticides, atrazine and metolachlor and their common degradates deethylatrazine (6-chloro-N'-(1-methylethyl)-1,3,5-triazine-2,4-diamine), metolachlor ethanesulfonic acid (2-([2-ethyl-6-methylphenyl] [2-methoxy-1-methylethyl]amino)-2-oxoethanesulfonic acid), and metolachlor oxanilic acid (2-([2-ethyl-6-methylphenyl] [2-methoxy-1-methylethyl]amino)-2-oxoacetic acid). Hydrogeologic conditions at each site are summarized and compared with respect to apparent age of groundwater, dissolved gases, N isotopes, patterns in major ions, and the geochemical environments in groundwater. Th e major factors governing the transport and transformation of nutrients and pesticides in shallow groundwater are described at each site.
Description of Local-Scale Study Sites
Th e four local-scale study sites were designed to study the effects of agriculture on ground and surface waters (Fig. 1) . Two of the sites, Fairmount (FM) and Locust Grove (LG), are in predominantly well-drained settings with relatively deep water tables and thick sandy aquifers that discharge to local streams. Th e other two sites, Lizzie (LI) and Willards (WI), are in predominantly poorly drained settings with shallower water tables than the well-drained sites, more complex aquifer stratigraphy, and discharge to artifi cial as well as natural stream channels. Th ere are no potential N or pesticide sources other than agriculture at these sites. Research was initiated at FM in 1985 (Denver, 1989 (Denver, , 1993 , at LG and WI in the early 1990s Böhlke and Denver, 1995; Bachman et al., 2002; Phillips and Donnelly, 2003) , and at LI in 1993 Tesoriero et al., 2005) .
Fairmount Study Site
FM is in southeastern Delaware in the Delaware Inland Bays watershed ( Fig. 1 and 2 ). Soils are primarily well-to excessively well drained with high permeability and low organic matter content (Table 1) . Th e surfi cial aquifer ranges from 25-to 55-m thick, and consists mainly of permeable quartz sand and gravel of the Beaverdam Formation and underlying sandy strata of the Bethany Formation (Andres, 2004) . Depth to groundwater ranges from about 7 m beneath topographic highs to <0.5 m near surface-water discharge areas. Phillips Branch, a small perennial stream fl owing along the northern edge of the site through a forested riparian area, locally aff ects groundwater fl ow, although regional discharge from the surfi cial aquifer is to the east into the tidal part of Hopkins Prong (Denver, 1989) . Land use at FM is primarily agricultural, with some irrigation from wells in the surfi cial aquifer. Th ere are large forested areas upgradient and downgradient of the site. Corn, soybean, and small grains were the primary crops and poultry manure was commonly applied to cropland. Since studies began at this site in the mid-1980s, manure usage has decreased as poultry houses were removed from the vicinity.
Locust Grove Study Site
LG is in northeastern Maryland in the Chester River Basin east of the Chesapeake Bay (Fig. 1) . Soils are primarily welldrained to moderately well-drained silt loams (Table 1) . Th e base of the surfi cial aquifer dips to the southeast and aquifer thickness ranges from 6 m to more than 20 m near Chesterville Branch (Fig. 3) . Sediments consist mainly of permeable quartz sand and gravel of the Pennsauken Formation underlain by highly weathered glauconitic sands of the Aquia Formation (Minard, 1974) . Th e base of the Aquia is fi ne-grained and acts as a confi ning unit above the Hornerstown Formation. Depth to groundwater ranges from about 6 m below land surface beneath the topographic high at the upgradient end of the local fl ow system to < 0.5 m below land surface near the stream. Land use in the Chesterville Branch watershed is about 95% agricultural, with forest limited to the stream riparian zone. Major crops are corn, soybean, and small grains; there is also an ornamental plant nursery in the headwaters of the watershed. Manure is not commonly applied at this site. Th e surfi cial aquifer discharges into Chesterville Branch. Older, deeper groundwater from the Hornerstown Formation also discharges upward beneath Chesterville Branch (Böhlke and Denver, 1995) .
Lizzie Study Site
LI is in North Carolina on the south side of the confl uence of Sandy Run and Middle Swamp in the Neuse River Basin ( Fig.  1 and 4) . Soils in the upland fl ats range from poorly drained in upgradient forested areas to poor to moderately well-drained in the central part of the upland dry fl ats, and well-drained in the valley side slope near Sandy Run (Table 1) . Th e surfi cial aquifer beneath this site is approximately 10 m thick and consists of several Pleistocene-age terrace deposits that are underlain by a confi ning unit on the top of the Yorktown Formation . Th e confi ning unit is missing along the Sandy Run drainage area to the east. As a result, sandy alluvial deposits and the underlying Yorktown aquifer form the uppermost aquifer in this area (Fig. 4) . Groundwater levels range from about 3 m beneath the upland dry fl ats to near land surface in stream valleys. Most of the site is drained by Plum Tree Branch, a small fi rst-order stream that fl ows into Sandy Run. Corn, soybean, and small grains are the primary crops. Before 1995, crops were fertilized using inorganic fertilizers; since 1995, when hog confi nement houses and a waste lagoon were installed, hog lagoon waste has been the primary source of N fertilizer on agricultural fi elds .
Willards Study Site
WI is on the west side of the upper part of the Pocomoke River Basin near the Delaware and Maryland State line ( Fig.  1 and 5 ). Soils are mostly poorly drained, permeable sandy or silty loams with relatively high organic-matter content (Table  1) . Th e surfi cial-aquifer system in this area is complex and heterogeneous . Th e lowermost unit of the system is the Beaverdam Sand, which is overlain by a 3 to 8 m thick layer of clay, silt, peat, and sand of the Omar Formation that forms a discontinuous confi ning bed (Owens and Denny, 1979) . Th e Omar Formation is overlain by 3 to 8 m of the Parsonsburg Sand, a generally sandy unit with interspersed clay, silt, and organic matter deposits that is under unconfi ned conditions. Th e Beaverdam Sand is considered part of the surfi cial aquifer where it is unconfi ned. Th e water table generally is < 3 m below land surface. Th e shallow groundwater fl ow system at WI is complex because of the high density of surface drainage (Fig. 5) . Although soil drainage is poor because of the fl at land surface and high water table, soil permeability is relatively high and drainage ditches have been installed throughout the area to lower the water table. Short, shallow fl ow paths in the Parsonsburg Sand discharge to these ditches when the water table is high, mostly in the winter and spring. Th ese ditches commonly dry out in the summer and stream fl ow is maintained by longer fl ow paths in the Parsonsburg and Beaverdam Sands (Ator et al., 2005) . Land use is interspersed forested wetland and agri- culture. Corn, soybean, and small grains are the primary crops.
Poultry manure is applied to agricultural fi elds as a fertilizer.
Materials and Methods
Th e well networks in this study were selected from existing networks established as fl ow-system studies for the USGS National Water-Quality Assessment (NAWQA) Program and associated studies with Federal and State cooperators Denver 1989 Denver , 1993 Phillips and Donnelly, 2003; Spruill et al., 2005) . Wells were installed according to protocols described in Koterba et al. (1995) at all of the study sites. With the exception of several wells at WI, which are 2.5 cm in diameter, wells were constructed with 5-cm PVC casing and screens. Th e lengths of screens range from 1 to 1.5 m at the Delmarva sites, and 0.6 to 3 m at LI.
Wells at FM, LG, and LI were installed along a water table gradient toward local streams (Fig. 2, 3 , and 4). At WI, where the surfi cial-aquifer system is more complex, wells were installed as single wells and as well pairs and were screened at depths representing short and intermediate length groundwater fl ow paths (Fig. 5) .
Chemical data were collected in 1999 at the three Delmarva Peninsula study sites and in 2003 from LI (Table 2 ). All wa- ter samples were collected using USGS protocols (Koterba et al., 1995) . Data presented represent a single sampling event for each network. Samples were analyzed in the fi eld for pH, dissolved oxygen, specifi c conductance, and temperature using electrodes and probes in a closed-cell fl ow-though chamber to minimize atmospheric contamination. Alkalinity was determined in the fi eld by titration. Major inorganic ions, nutrients, and pesticides, and pesticide degradates were analyzed at the USGS National Water-Quality Laboratory (NWQL) (Fishman, 1993; Zaugg et al., 1995) or at the USGS Organic Geochemistry Laboratory (Lee et al., 2001) . Nitrogen isotopes were analyzed at the USGS Stable Isotope Laboratory (Böhlke and Coplen, 1995; Böhlke et al., 2002) . Age-dating to determine "apparent age" of groundwater, using chlorofl uorocarbon and sulfur hexafl uoride methods and dissolved-gas analyses was done at the USGS Chlorofl uorocarbon Laboratory Plummer, 1992, 2000) . Average characteristics of selected soil properties were computed for each study site using weighted averages derived by Schwarz and Alexander (1995) from soil data available for the United States (Table 1) . Samples were analyzed for nitrogen (N 2 ) and argon (Ar) gas to determine groundwater recharge temperatures, excess air, and to estimate the amount of N derived from denitrifi cation. Recharge temperature and excess air were determined from an analysis of dissolved N 2 and Ar gas (in mg L -1 ) based on the recharge elevation of the sample when it entered the groundwater system using the method of Busenberg et al. (2001) . Denitrifi cation estimates were then calculated by subtracting the estimate of atmospheric N (both water-air equilibrium and excess air) from the total amount of N 2 gas measured in the sample. Th e amount of N 2 above that expected in the atmospheric ratio between Ar and N 2 is referred to as "excess N 2 " (Vogel et al., 1981; Busenberg et al., 1993) . In samples with excess N 2 , concentrations of nitrate as N and N 2 were added together to estimate the original nitrate concentration in recharging groundwater, which hereafter is referred to as "reconstructed nitrate." Th e relative extent of denitrifi cation was determined by calculating the proportion of N present as N 2 in reconstructed nitrate relative to the apparent age of groundwater (Böhlke, 2002) . Th e redox state of groundwater was determined based on the threshold concentrations for identifying redox processes described by McMahon and Chapelle (2007) .
Concentrations of atrazine and deethylatrazine were adjusted using a smoothing algorithm based on laboratory spike recovery data generated at the USGS NWQL from 1993 through 2003 (Bexfi eld, 2008) . Th is accounted for variable laboratory recoveries for deethylatrazine and atrazine, and enabled direct comparison between samples collected at LI in 2003, and the samples collected at FM, LG, and WI in 1999. Relations between continuous variables were evaluated through examination of scatterplots, rank-transform correlation coeffi cients (Kendall's Tau), and simple linear regression (Helsel and Hirsch, 1992) . Rank-transform ANOVA and Tukey tests (α = 0.05) were used to compare the distribution of continuous variables (chemical concentrations and age dates) in groundwater among the study sites. Simple linear regression was used to quantify the relation between age dates and specifi c chemical parameters to estimate rates of change. Nondetected pesticide concentrations were assumed to be less than the lowest quantifi ed values when computing ranks for statistical tests.
Results and Discussion

Natural Water Chemistry
Natural water chemistry in the surfi cial aquifer of the NACP is commonly associated with recharge through forested areas and primarily consists of ions from precipitation and silicate mineral dissolution. Dissolution of silicate minerals is indicated by the positive correlation between silica concentrations and groundwater age at all four study sites (Table 3 , Fig. 6 ). A greater degree of silicate mineral dissolution in the unsaturated zone is indicated by higher minimum silica concentrations at the two well-drained sites (FM and LG, Fig. 6a,b) , where the unsaturated zone and the contact time between acidic rain water and aquifer materials is greater, than at the two poorly drained sites (LI and WI, Fig. 6c,d) , where depth to water is less and transport to the water-table surface is more rapid. Evidence of mixing with deeper, higher silica content waters present in the confi ned Beaverdam Formation is evident at WI where the apparent rate of increase in silica concentrations over time is greatest (Fig. 6d) . Diff erences in silica concentrations could be useful for understanding the relative ages of groundwater at a local scale where age-dating is not available, but variability between sites is too great to use silica as an indicator of age on a regional scale.
Diff erences in the redox environment in groundwater are evident in the median concentrations of dissolved oxygen and iron between the well-drained and poorly drained sites (Table  2) . At FM and LG, where soils are well-drained and aquifer sediments are predominantly sand, groundwater is consistently aerobic (dissolved oxygen is consistently > 0.5 mgL -1 , McMahon and Chapelle, 2007) and present throughout the fl ow systems (Fig. 2 and 3) . Where soils contain more organic matter (WI) and clay (LI) ( Table 1) , and the surfi cial aquifer sediments are thinner and more heterogeneous, dissolved oxygen depletion occurs in the unsaturated zone and shallow sediments, and dissolved oxygen is generally < 0.5 mg L -1 in deeper parts of the aquifer systems (Fig. 4 and 5) .
Eff ects of Agriculture on Water Chemistry
Median specifi c conductance and concentrations of nitrate and chloride in groundwater from the four study sites were much higher than typical concentrations in natural groundwater (Table 2) . Most of the ions that contribute to the specifi c conductance of the water in the surfi cial aquifer at these study sites are related to diff erent degrees of agricultural applications of fertilizer, manure, and lime. Th is is indicated by the strong correlation (R 2 = 0.81; p < 0.0001) between specifi c conductance and reconstructed nitrate at all four sites (Fig. 7) . Extrapolating the regression model suggests that the specifi c conductance of groundwater would be around 40 μS cm -1 under natural conditions (water with nitrate concentrations of 0.4 mg L -1 , or less) in the absence of chemicals introduced by agriculture. Only a few of the water samples from each site plot near this intercept, illustrating the prevalence of ions from agricultural sources in the surfi cial aquifer system at these sites and the similar dilute nature of natural water chemistry in these diff erent coastal plain settings.
Th is result is supported by a similar range of agricultural eff ects indicated in water from all four sites by ANOVA and multiple comparison tests (Table 2) . Specifi c conductance and concentrations of major cations that would be relatively stable in groundwater (including calcium, magnesium, sodium, and potassium), and reconstructed nitrate were not signifi cantly diff erent between sites. Signifi cant diff erences in concentrations of nitrate and excess N 2 along with other redox active spe- cies (including dissolved oxygen and dissolved iron), however, were observed, between predominantly well-drained FM and LG and predominantly poorly drained LI and WI (Table 2) .
A few samples had higher specifi c conductance with lower reconstructed nitrate concentrations (Fig. 7) . Th ese samples, one from LG and two from WI, were aff ected by upward discharge of older water that originates in an underlying confi ned aquifer ( Fig.  3 and 5) . Th e older water contains high dissolved iron concentrations, ions from dissolution of carbonate and silicate minerals, and generally does not contain anthropogenic N in any form.
Occurrence of Nutrients
Nitrate was present above the 0.05 mg L -1 laboratory reporting limit in all samples from the predominantly well-drained sites (FM and LG). In contrast, nitrate was present in less than half of the samples from the predominantly poorly drained sites (LI and WI) (Table 2, Fig. 2-5 ). As nitrate is more soluble and sorbs less strongly than ammonia or organic N, it is typically the major N species transported to groundwater; nitrate is present at much higher concentrations than ammonia and organic N at the study sites. Some denitrifi cation was indicated by the presence of excess N 2 in groundwater at each site, with over half of the water samples from the predominantly poorly drained sites containing excess N 2 (Table 2) .
Ammonia plus organic N was present at somewhat higher median concentrations in groundwater from WI, where natural sources of N may occur in buried lenses of organic matter than at the other sites where there is less organic matter (Table 2) . Phosphorus from fertilizer and manure is strongly sorbed under oxidizing conditions common in the soil zone and consequently occurs at very low concentrations in groundwater. Th e highest orthophosphorus concentrations were observed at the predominantly poorly drained sites, although the median orthophosphorus concentration was below 0.01 mg L -1 at all four sites ( Table 2) .
Occurrence of Pesticides and Degradates
Atrazine, metolachlor, and their degradates are the most frequently detected pesticide compounds in groundwater at the four study sites. Th ese compounds have been widely used on corn and/or soybean crops over the past 40 to 50 yr, which corresponds to the maximum apparent groundwater ages in the unconfi ned groundwater fl ow systems at these sites. At least one pesticide compound was detected in all samples from FM and LG, and in more than 75% of samples from LI and WI (Fig. 8) . Both atrazine and metolachlor are considered moderately to highly soluble, facilitating their transport through the soil zone to groundwater (Barbash and Resek, 1996; Helling and Gish, 1986) . Metolachlor degrades more quickly than atrazine in the soil zone (Gilliom et al., 2006) ; consequently, it is detected less frequently than atrazine in groundwater (Table  2 , Fig. 8 ). Degradates of atrazine and metolachlor were commonly detected more frequently than the parent compounds in groundwater samples collected at these sites (Fig. 8) .
Th e median concentrations of most pesticide compounds, including parent and degradate compounds, were signifi cantly higher at predominantly well-drained FM and LG than at predominantly poorly drained LI and WI (Table 2) . Higher concentrations at the well-drained sites are likely related to better soil drainage and lower amounts of organic matter or clay in soils that can impede pesticide transport and allow more time for degradation and promoting sorption in the soil zone (Table 1) . Median concentrations of atrazine and DEA were below the minimum laboratory reporting level at WI, where the soil organic matter content is highest (Table 1) and atrazine is most likely to be retained in the soil zone. Th ese results for the Delaware and Maryland sites are consistent with fi ndings from local and national studies where pesticides were more frequently detected at higher concentrations in water from well-drained areas than from poorly drained areas (Koterba et al., 1993; Debrewer et al., 2007; Gilliom et al., 2006; Ator et al. 2000; Steele et al., 2008; Ator, 2008) .
Two common degradates of metolachlor, metolachlor ethanesulfonic acid (ESA) and metolachlor oxanilic acid (OA), were found at higher concentrations than metolachlor in groundwater, most notably at FM and WI, where soils are particularly permeable and degradates that form in the soil zone could be rapidly transported to groundwater (Tables 1 and 2 ). Metolachlor degradates are believed to be more soluble, less likely to sorb onto soil particles and, therefore, more persistent than the parent compound (Phillips et al., 1999; Kalkhoff et al., 1998) . Th ere were diff erences in the frequency of detection of these compounds among the sites: Metolachlor OA was detected less frequently and at lower concentrations than metolachlor ESA at all four sites (Fig. 8, Table 2 ). Metolachlor OA has been hypothesized to degrade at a faster rate in the soil zone than metolachlor ESA (Phillips et al., 1999; Krutz et al., 2006; Steele et al., 2008) , which may explain the diff erences in detection rates in this study. Once in groundwater, these degradates appeared to persist at low levels over decadal time scales.
DEA, the only major degradate of atrazine analyzed for this study, was detected in all of the water samples from the predominantly well-drained sites (FM and LG), and was less commonly detected at signifi cantly lower concentrations in samples from the predominantly poorly drained sites (LI and WI) (Fig.  8, Table 2 ). Th ese diff erences may relate to sorption of atrazine onto clay or organic particles that are more prevalent in soils from the predominantly poorly drained sites. In addition, degradation of atrazine to DEA has been shown to occur more readily under oxic conditions (DeLaune et al., 1997) .
Trends in Water Chemistry
Agricultural eff ects on water chemistry throughout the surficial aquifer can be evaluated at all four sites because the ranges in apparent ages of groundwater are within the timeframe of modern agricultural practices (Table 2 , Fig. 2-5) . Trends between apparent age of groundwater at each site and water chemistry can be related to changes in the use of agricultural chemicals and manure, and variations in the redox state of local aquifers (Table  3) . For example, at LG where dissolved oxygen is consistently present, less agricultural infl uence is indicated in older water as specifi c conductance and chemicals from agricultural applications of fertilizer and lime (including nitrate, magnesium, and chloride) are negatively correlated with apparent age of groundwater. In contrast, at LI denitrifi cation is indicated by a negative correlation between dissolved oxygen and nitrate and a positive correlation between excess N 2 gas and apparent age. More trends are evident at FM, LG, and LI than at WI, probably due to the lower number of samples and smaller range of ages at WI compared to the other sites (Tables 2 and 3) .
Redox State and Nitrate
Dissolved oxygen is present near the water table at all of the study sites, indicating an initially oxic environment in shallow groundwater (Fig. 2-5) . Concentrations of dissolved oxygen decrease over time in the surfi cial aquifer at FM, LI, and WI; although concentrations are variable, they do not signifi cantly decrease over time at LG (Fig. 9a,b) . Th ese trends may be related to the amount of labile organic carbon in these aquifers. Under natural conditions, there may be too little reactive carbon to support microbial consumption of dissolved oxygen in the fl ow system, particularly at sites with mostly sandy sediments. Application of manure may provide a carbon source for aerobic microbial activity. Th e three sites with decreases in dissolved oxygen over time consistently had manure application and higher concentrations of dissolved organic carbon in groundwater than LG, where no manure was applied (Table 2 ). Dissolved oxygen decreases over time at a rate of approximately 0.10 mg L -1 per year at FM, 0.26 mg L -1 per year at LI, and 0.44 mg L -1 per year at WI on the basis of simple linear regression models. As evidenced by low dissolved oxygen concentrations in groundwater near discharge areas, applying these rates and considering the highest dissolved oxygen concentrations in shallow groundwater at each site, concentrations of dissolved oxygen are reduced to below 0.5 mg L -1 in groundwater within the timeframe of aquifer transport from recharge areas to discharge areas at the two predominantly poorly drained sites, LI and WI. Th e apparent rate of oxygen reduction at FM is slower than at LI and WI, and the time required to reduce measured concentrations of dissolved oxygen at FM to < 0.5 mg L -1 would be more than 70 yr, which is signifi cantly longer than the observed maximum residence time for water in the surfi cial aquifer system.
At the two predominantly well-drained sites, FM and LG, chemical evidence indicates that diff erences in agricultural practices have the greatest eff ect on nitrate concentrations. Groundwater is oxic throughout the aquifer system at FM and concentrations of nitrate are generally higher in samples recharged within the last 20 yr than in older water (Table 2 , Fig. 9c ). Since denitrifi cation typically does not occur in oxic groundwater, this change is probably related to a reduction in manure application over time. A decrease in the amount of poultry manure applied to fi elds was observed by the authors since this study began in the mid-1980s as poultry houses were removed from the site. As nitrate from manure has a heavier (higher value) isotopic signature than inorganic fertilizer (Hubner, 1986) , a recent reduction in manure application is supported by higher median values of N isotopes (delta 15 N) in water with apparent ages > 10 yr (6.25 per mil) than in water with age dates of 10 yr or less (4.7 per mil) (Fig. 10a) . Th e well sites at FM with older ages and lower nitrate concentrations also had heavier values of delta 15 N, indicating a high proportion of nitrate from manure sources. Th ese patterns are similar to those seen in other study areas where manure application has decreased over time (Green et al., 2008) .
Decreasing concentrations of nitrate and reconstructed nitrate with the apparent age of groundwater at LG correspond to the history of inorganic fertilizer application, as observed by Böhlke and Denver (1995) (Fig. 9c, Table 3 ). Excess N 2 in several water samples, however, indicates that up to 40% of the nitrate originally in groundwater is denitrifi ed in some water samples (Fig. 9e, Table 2 ). Th is conclusion is somewhat diff erent than that of Böhlke and Denver (1995) for this site. Although their study recognized denitrifi cation in association with unweathered glauconitic sediments near the base of the aquifer, it did not document evidence for denitrifi cation in shallower aquifer sediments. Analysis of data from the current study indicates that water samples from wells in the central part of the study site fl ow path were partially aff ected by isolated nitrate-reducing zones in the aquifer (Fig. 9e) . Th is process was similarly documented in the adjoining Morgan Creek watershed (Green et al., 2008) . Th e delta 15 N of N isotopes in these groundwater samples is within the same range of oxic samples (0.4-2.5 per mil) and values do not correlate with the percent denitrifi ed, although the percentage of denitrifi ed water increases as the apparent age of water increases in the water samples with excess N 2 (Fig. 9e) . Although denitrifi cation does aff ect nitrate concentrations in part of the surfi cial aquifer at LG, it does not obscure the trend of increasing nitrate concentrations with increasing usage of N fertilizer over time that was documented by Böhlke and Denver at this site (1995) .
Th ere are no signifi cant trends related to the concentrations of reconstructed nitrate over time in groundwater at the two predominantly poorly drained sites, LI and WI, probably because of the spatially and temporally variable input of N over time (Fig. 9d) . Waste from hog lagoons has been applied over the central part of LI since the mid-1990s (Fig. 4) . Th is practice may account for the higher nitrate concentrations in some water samples with apparent ages of 10 to 20 yr. At WI, sample sites are not located along a fl ow gradient, and concentrations of nitrate are likely aff ected by diff ering amounts of agricultural land use near the sampled wells.
Th e proportion of nitrate that is denitrifi ed indicates that nitrate entering groundwater has been completely denitrifi ed after about 20 yr at LI, and after about 10 yr at WI (Fig. 9f ) . Th ese changes can be explained by redox conditions in fl ow systems at both sites. Previous analysis of earlier data from LI delineated successive zones of oxygen reduction, nitrate reduction, and iron reduction over time in groundwater . Data from this study cover the same range of redox states, with some of the younger water samples representing mixed oxygenreducing and nitrate-reducing redox states, as described by McMahon and Chapelle (2007) (Fig. 4) . Organic matter content is higher in the soil zone and aquifer at WI than at the other three study sites (Table 1) . Th is site also had the highest rate of oxygen reduction and the highest concentrations of dissolved iron (Table 2) . Th e redox state ranges from oxygen-reducing to ironreducing over a relatively short timeframe at this site, creating conditions conducive to nitrate depletion.
Pesticides and Degradates
At three of the study sites, concentrations of several pesticide compounds are negatively correlated with the apparent age of groundwater (Table 3) . With the exception of atrazine, which is negatively correlated with apparent age at FM, these correlations are with degradates. Lower concentrations of pesticide degradates in older groundwater could indicate continued degradation of those compounds along groundwater fl ow paths. Some pesticide compounds, however, are positively correlated with reconstructed nitrate, indicating that the concentrations of pesticide compounds also are related to the relative degree of agricultural eff ects on groundwater chemistry (Table 4) . Similar to the correlations with apparent age, most of the correlations between reconstructed nitrate and pesticide compounds are with degradates, with the exception of a positive correlation between metolachlor and reconstructed nitrate at FM. A trend in the ratio of a pesticide to degradate concentration with age was only observed at FM, where the percentage of DEA to total atrazine (sum of molar concentrations of atrazine and DEA) was positively correlated with age (Tau = 0.46, p = 0.0062) (Fig. 10b) . A change in the ratios of degradates to parent compounds over time may indicate continued degradation of the parent compound in the groundwater system. Th e trend at FM is consistent with the trend seen at that site in a previous study (Denver and Sandstrom, 1991) . Although this trend indicates that more atrazine degradation has occurred in older water, it is not clear if the degradation occurred as water fl owed through the aquifer system, or if the degradation occurred in the soil zone. Atrazine degradation has been shown to be greater in conjunction with application of poultry litter and other manures than without litter or manure applications because there are larger populations of atrazine-degrading microorganisms in the soil zone (Gupta and Baummer, 1996; Topp et al., 1996; Entry and Emmington, 1995) . Based on results from these studies, the trend seen in groundwater at FM may be related to degradation of atrazine in the soil zone when larger amounts of poultry manure were applied to the fi elds, as is implied by the trend of heavier delta 15 N values in older water (Fig. 10a) . It is also possible that some of the increase in the ratio of DEA to total atrazine over time is related to sorption because atrazine adsorbs to sediment particles more strongly than DEA. Similar analyses were not possible for metolachlor parent and degradate compounds because of the low detection frequency of metolachlor when data were censored to 0.05 μg L -1 , which is the minimum reporting level for metolachlor degradates (Fig. 8) .
Conclusions
Nutrients and pesticides were studied at four local-scale study sites with similar agricultural land use in diff erent hydrogeologic settings of the NACP to document how diff erences in site characteristics aff ect the fate and transport of contaminants through groundwater. Th e results of this study have implications for understanding groundwater chemistry in other areas with similar hydrogeologic and redox characteristics. Th e relatively homogeneous settings described at FM and LG, which are welldrained and overlie relatively thick, sandy aquifers, are common over a large part of the NACP. In these areas, aquifers tend to remain predominantly aerobic and nitrate is relatively conservative along fl ow paths. Soluble pesticide compounds are also more mobile and apparently persistent. As a result, aquifer chemistry is most closely related to changes in agricultural chemical use over time. In the more stratigraphically complex settings of poorly drained LI and WI, there is more lithologic variability, organic carbon, and reduced mineral phases, leading to more extensive nitrate losses from denitrifi cation over time, and less pesticide mobility within the aquifer. Th is complexity is exhibited in local water chemistry, with widely ranging concentrations of dissolved oxygen and nitrate over short distances, and generally lower frequency of detection and concentrations of pesticides. Th ese results indicate the transport and transformation of agricultural chemicals is most closely related to changes in chemical use in well-drained areas, where dissolved oxygen is present throughout the fl ow system, and to a combination of variations in geochemical environment and chemical use in poorly drained areas. 
